Background-Patients with free pulmonary regurgitation or mixed pulmonary stenosis and regurgitation and severely dilated right ventricles (RV) show little improvement in ventricular function after pulmonary valve replacement when assessed by traditional echocardiographic markers. We evaluated changes in right and left ventricular (LV) function using speckle tracking echocardiography in patients after SAPIEN transcatheter pulmonary valve (TPV) placement.
−18.2%, P = 0.01) improved between baseline and 6 month follow-up. RV early diastolic strain rate, LV longitudinal strain rate and early diastolic strain rate showed no change.
Conclusion-Improvements in RV longitudinal strain, strain rate, and LV longitudinal strain are seen at 6 months post-TPV. Diastolic function does not appear to change at 6 months. Speckle tracking echocardiography may be more sensitive than traditional measures in detecting changes in systolic function after TPV implantation. (Echocardiography 2015;32:461-469) Keywords cardiac imaging; congenital heart disease; strain-strain rate; pulmonary valve; right ventricular function Patients with congenital heart disease requiring right ventricular (RV) to pulmonary artery (PA) conduits frequently develop free pulmonary regurgitation, severely dilated RVs, and decreased ventricular function over time. 1 Even after pulmonary valve replacement, these patients show little improvement in ventricular function when assessed by traditional echocardiographic markers. [2] [3] [4] [5] [6] [7] [8] [9] [10] Transcatheter pulmonary valve (TPV) implantation is a new option to replace dysfunctional pulmonary valves in RV-PA conduits. The COngenital Multicenter trial of Pulmonic vAlve regurgitation Studying the SAPIEN interventIONal transcatheter heart valve (COMPASSION) is a prospective, nonrandomized, multicenter study to assess the safety and efficacy of the SAPIEN transcatheter heart valve for the treatment of dysfunctional RV-PA conduits. Though still enrolling patients, early phase 1 results have shown good feasibility, effectiveness, and safety. 11 The objective of this study was to evaluate changes in right and left ventricular function using speckle tracking echocardiography (STE) after SAPIEN TPV placement. We hypothesized that after percutaneous pulmonary valve placement, traditional echocardiographic measurements of RV function would remain unchanged while speckle tracking echocardiographic measures of RV function would improve.
Methods
Patients were enrolled prospectively from 4 participating centers. Inclusion criteria included: (1) weight equal to or exceeding 35 kilograms; (2) in situ conduit size between 16 mm and 24 mm in diameter; (3) moderate or severe pulmonary regurgitation defined as 3+ pulmonary regurgitation by transthoracic echocardiogram (TTE), or RV-PA conduit obstruction with a mean gradient of >35 mmHg by TTE; and (4) symptoms as evidenced by cardiopulmonary exercise testing. Informed consent was obtained from all potential subjects and/or their legal guardians. The Institutional Review Board at each participating institution approved the trial.
Procedure
The protocol for valve implantation has been reported previously and is summarized here for convenience. 11 Procedures were performed under general anesthesia with biplane fluoroscopic guidance. The minimum diameter of the conduit was assessed by angiography. Risk for coronary compression was assessed with aortic root angiography or selective coronary angiography with simultaneous inflation of a noncompliant balloon in the conduit. Prestenting of the conduit with a bare metal stent was performed. A 23 or 26 mm SAPIEN transcatheter heart valve was then implanted over a stiff guidewire and expanded via balloon inflation.
Echocardiographic Protocol
A secondary analysis of echocardiograms submitted to the COMPASSION core laboratory was performed. Echocardiograms were acquired by experienced sonographers at each center following a protocol which included a complete set of standardized views to evaluate ventricular function. The image acquisition protocol was developed by the echocardiography core laboratory. On-site or web-based training to the local SAPIEN TPV implantation sites was provided. TTEs were performed at baseline prior to TPV implantation, prior to discharge after TPV implantation, 30-day follow-up, and 6-month follow-up. All studies were performed under baseline physiologic conditions, not under the influence of anesthesia. Echocardiograms were in DICOM format, compressed, with frames rates limited to the lesser of either acquisition frame rate or 30 frames per second. All measurements were made off line by a single reviewer and averaged over 3 beats. Pulmonary regurgitation was graded from 0 to 4 using the criteria in Figure 1 . We graded pulmonary regurgitation based on jet length and jet entrance into the RV body-easily reproducible measures to compare over time. 12, 13 
Two-Dimensional, Doppler, and Tissue Doppler Measures of Myocardial

Function
To assess systolic function, left ventricular (LV) ejection fraction (EF) derived using single plane Simpson's method because all patients had adequate images for reliable measurement. From a standard apical four-chamber window, RV fractional area change (FAC) was defined as ([enddiastolic area -end-systolic area]/end-diastolic area) × 100. Tricuspid annular plane systolic excursion (TAPSE) was obtained, and RV longitudinal shortening was calculated as ([RV end-diastolic length -RV end-systolic length]/RV end-diastolic length). Pulsed tissue Doppler imaging (TDI) S' velocities at the tricuspid valve annulus, interventricular septum, and the lateral mitral valve annulus were obtained from the apical four-chamber view.
To evaluate diastolic function, Doppler velocities of transtricuspid and transmitral flow (E and A) were obtained from an apical four-chamber window. Tissue Doppler velocities of the tricuspid annulus, interventricular septum, and the lateral mitral valve annulus (E 0 and A') were obtained. Derived ratios (E:A, E:E') were calculated.
Speckle Tracking Echocardiography Measures of Myocardial Function
Speckle tracking was performed as a secondary analysis of echocardiograms submitted to COMPASSION core laboratory. A single, blinded observer performed offline analysis of DICOM images using vendor-independent software (2D Cardiac Performance Analysis, TomTec Imaging Systems, Inc, Munich, Germany). Myocardial motion was tracked through the cardiac cycle, calculating myocardial deformation from echo-genic speckles in the Bmode image. Endocardium was manually traced in the LV from the lateral to the septal component of the mitral annulus. The RV was traced from the lateral tricuspid annulus to the septal component of the tricuspid annulus. Speckle tracking measures of deformation from the apical four-chamber view included peak longitudinal strain, strain rate, and early diastolic strain rate for both ventricles. These measurements were calculated as an average of 6 segments for each ventricle. Tracking was visually assessed, and deformation curves were not accepted if greater than one segment demonstrated inadequate tracking. Interobserver and intra-observer variability were assessed 4 weeks after the initial measurements in 24 (25%) studies-one from each patient and 6 from each timepoint.
Statistical Analysis
To determine the trend from time 0 to time 3, repeated measures ANOVA with a Greenhouse-Geisser correction was conducted on all individuals with measurements for each of the 4 time points. Post hoc comparisons using the Bonferroni correction were then performed in those variables which showed a statistically significant repeated measure ANOVA. Missing data was not imputed as numbers were sufficient to conduct appropriate analyses. The mean ± SD was calculated for each variable. Intra-and inter-observer variability was assessed by percent error of the mean (the difference between the 2 measurements was divided by the mean of those 2 measurements) and by intra-class correlation coefficient (ICC) using a random effects model measuring absolute agreement. An ICC of ≥0.75 was deemed acceptable intra-or inter-observer variability. A P-value <0.05 was considered significant. Statistics were analyzed using SPSS v. 20 (IBM, New York, NY, USA).
Results
Patient Population
Between April 2008 and May 2010, 33 patients from 4 centers had successful SAPIEN TPV implantation. A total of 132 echocardiograms were performed. Of these, 17 echocardiograms were excluded for inability to perform STE due to inadequate RV free wall and/or apical segment capture in the echocardiographic window, or, for inadequate apical four-chamber windows. These 17 echocardiograms came from a total of 9 patients. Therefore, 24 patients had echocardiograms suitable for speckle tracking analysis (≤2 segments were excluded from the RV analysis) at each of the 4 time points so that repeated measures ANOVA could be performed. Demographic data from these patients are presented in Table I . Age ranged from 11 to 57 years old. At baseline, all but 2 patients demonstrated severe pulmonary regurgitation. The majority of patients displayed mixed conduit dysfunction with both significant stenosis and regurgitation; the others had significant regurgitation only. No patients had isolated conduit stenosis without regurgitation. The baseline average indexed RV end-diastolic volume was 130.9 ± 62.6 mL/m 2 and the baseline pulmonary regurgitant fraction was 28.6 ± 18.0% as previously reported. 11 However, greater than 50% of patients had uninterpretable MRIs due to previous history of stainless steel stents placed in the outflow tract. Studies using other TPVs have shown comparable problems with MRI data. 14 Changes in conduit stenosis, RV size, and tricuspid valve regurgitant gradient are found in Table II . Changes in pulmonary insufficiency are shown in Figure 1 .
Two-Dimensional, Doppler, and Tissue Doppler Measures of Myocardial Function
No significant changes were detected in the two-dimensional measures of RV or LV systolic function, including RV FAC, TAPSE, and LV EF. Tissue Doppler S velocities of the tricuspid and lateral mitral annulus improved immediately after TPV implantation, but returned to baseline by 30-day follow-up (Table III) .
Inflow Doppler velocities and the E:A ratios of the RV and LV showed no significant changes after 6 months. Tricuspid TDI E 0 velocity increased immediately after TPV implantation, but returned to baseline by 30-day follow-up. The lateral mitral annulus E:E' increased between baseline and discharge after TPV placement, but no changes from baseline were detected at 6 month follow-up (Table IV) .
Speckle Tracking Echocardiography Measures of Myocardial Function
Changes in STE measures of ventricular function are depicted graphically in Figure 2 . No changes were detected in RV or LV strain or strain rate between baseline and discharge. However, both RV longitudinal strain and strain rate improved from baseline to 6 month follow-up. LV longitudinal strain also improved from baseline to 6 month follow-up. Early diastolic strain rate showed no changes in the RV or LV throughout the follow-up period. Intra-and inter-observer variability were adequate for all measures (Table V) .
Discussion
TPV implantation allows the opportunity to study the effects of pulmonary valve replacement on ventricular function without the confounding effects of cardiopulmonary bypass. To our knowledge, this is the first study to report improvement in measures of RV deformation at 6 months post-TPV implantation in this population.
Patients with pulmonary regurgitation only or mixed disease (pulmonary stenosis and regurgitation) have been shown to have no change in RV ejection fraction by MRI after TPV. 3, 4, 10 Studies assessing changes in traditional echocardio-graphic measures of RV systolic function have reported similar results. 3, 15 Also, patients under going surgical pulmonary valve replacement for severe pulmonary regurgitation respond similarly. [5] [6] [7] [8] [9] Our results are in line with these studies as previously reported. 2 It has been hypothesized that patients with chronic RV volume overload suffer from irreversible RV remodeling and/or damage to myocardium and that the arrest of worsening RV dilation and dysfunction is the best one can hope for after pulmonary valve replacement. 3 Others have suggested that effective stroke volume (stroke volume minus pulmonary regurgitant volume) improves after TPV, thereby not requiring an increase in EF in this population. 10 However, due to the acute and long-term loading changes after TPV implantation, MRI EF and previously studied echocardiographic markers are difficult to interpret and may not best represent changes in RV function in this population. Speckle tracking echocardiography has been shown to have many advantages over traditional measures of myocardial function. STE-derived strain and strain rate are relatively geometry independent, angle independent, and less load dependent than traditional markers of myocardial function. 16 STE measures of deformation have been shown to detect changes in systolic function prior to a change in EF in many disease processes and are useful in diseases that affect the right heart, such as tetralogy of Fallot. [17] [18] [19] [20] [21] The current study follows the pattern of these previous studies, that is, changes in speckle tracking measures of cardiovascular function were identi-fied while other echocardiographic measures of function remained unchanged, suggesting again that STE measures of myocardial deformation may be more sensitive markers of systolic function than traditional echocardiographic measures.
Reports of the use of STE to assess changes in RV function after TPV have been sparse. A study of 10 patients found an increase in STE-derived RV strain between baseline and discharge, results dissimilar to the current study. 22 The use of only basal segments in the analysis of that study make the comparison of results difficult as the potential incremental increase in longitudinal strain values from base to apex in both ventricles is not accounted for. 23, 24 Also, no follow-up postdischarge were performed, making medium-term comparisons impossible. Another study of 10 patients receiving Melody valve implantation did include follow-up to 6 months. 25 This group found an immediate decrease in RV strain values and no change in RV longitudinal strain or strain rate at 6 months follow-up, again results dissimilar to the current study. Despite having similar patterns of right ventriclepulmonary artery conduit dysfunction to our cohort, the differences in findings may be explained by a few important factors. The RV volumes between the 2 studies were disparate. As previously reported, patients in this study had an average indexed RV end-diastolic volume of 130.9 mL/m 2 while the previous study reported an RV end-diastolic volume of 85.3 mL/m 2 . 11, 25 This relatively low degree of RV dilation may have not been enough to provoke significant remodeling or improvement in function following TPV placement. Also, the smaller sample size used in the previous study may have precluded detection of significant changes. Of note, RV and LV strain improved after TPV when assessed by MRI feature tracking in patients with pulmonary stenosis. 26 Changes in RV size were seen at 30 days, earlier than changes in RV strain and strain rate. The degree of RV remodeling needed to improve systolic function may take a considerable amount of time, 6 months in the current study. Longer follow-up will be needed to assess for further improvements in myocardial deformation. The present cohort has also been noted to have improved exercise capacity at 6 months. 11 Though the relationship between myocardial deformation parameters and exercise capacity was not assessed, it is feasible that the improvements seen in exercise are contributed to by the change in systolic function as seen by STE. Future studies may utilize stress echocardiography to further understand the relationship between STE and functional outcomes in this population.
Interestingly, improvements in TDI measures of systolic function were noted between baseline and discharge. They then trended back to baseline at the 1-month visit. In contrast, STE derived strain and strain rate showed no changes in the same period. This may be explained by the load-dependency of TDI measures of systolic function in left ventricles and volume-loaded right ventricles. [27] [28] [29] While STE measures are influenced by loading conditions to a degree, it is possible that they are influenced less by loading conditions than are TDI measures. 30 Alternatively, autoregulatory mechanisms that accompany loading changes may account for the lack of change seen in strain and strain rate. 31 Our results are also different from those of Knirsch et al. who assessed STE measures of function after surgical pulmonary valve replacement and found an initial decrease in RV strain at 1 month with interval improvement at 6 months without a return to preoperative levels. 32 The differences between this study and the current study may be secondary to the effects of cardio-pulmonary bypass on the RV-namely the potential for irreversible myocardial damage. The populations between the studies were also different. For example, the sample in Knirsch et al.'s study all had severe pulmonary regurgitation and only 2 had significant pulmonary stenosis. Also, RV dilation in the previous study was significantly greater than in the current study, possibly limiting the potential for improvement in RV function after pulmonary valve replacement due to irreversible remodeling after chronic volume overload.
Left ventricular strain improved at 6 months after TPV implantation. This change in function may be secondary to improved ventricular-ventricular interaction. 33 Alternatively, these changes may be due to improved LV preload secondary to an increase in effective RV ejection after the elimination of pulmonary regurgitation. This is supported by the fact that LV strain rate did not change as it is known that strain is more load dependent than strain rate. 34, 35 Changes in RV diastolic function following pulmonary valve replacement are sparsely reported. We found no changes in early diastolic strain rate after TPV. This is similar to what has been reported when assessing TDI measures of diastolic function by Coats et al. 3 In contrast, we did find acute changes in TDI measures that were not sustained by 6 month follow-up. Similarly, Frigiola et al. found an increase in TDI tricuspid E' after surgical pulmonary valve replacement. 36 These changes in the E' velocity may again be secondary to acute loading changes. Though, consistently, there appears to be no change in echocardiographic measures of diastolic function 6 months post-TPV. It is possible that changes in diastolic function appear later post-TPV after RV mass has decreased. 37 There are limitations to this study. Echocardiograms were compressed and stored at 30 frames per second when read by the core lab. While strain measures are accurate at this frame rate, strain rate can be underestimated, which may confound our interpretation of changes in STE measures of diastolic function over time. 38 Speckle tracking echocardiographic measures of RV function were not the primary outcomes of this study. Thus, the echocardiographic protocol was not designed with STE in mind and 9 patients were excluded. Most patients were excluded for RV free wall and apical segments being inadequately captured in the echocardio-graphic window. Future protocols using STE post-TPV implantation should stress the importance of optimal image acquisition including all RV segments. The percentage of success in obtaining adequate images for speckle tracking analysis of the RV should then be assessed. Myocardial deformation parameters were only measured in the longitudinal direction. It is possible that circumferential and radial fibers were also affected by TPV, though the dominant orientation of muscle fibers in the RV is longitudinal. STE measures have high intra-observer and inter-observer variability, especially in the right ventricle. 35, 39 This study found acceptable variability in the LV measures of myocardial deformation, though RV systolic strain and strain rate measures showed borderline acceptable inter-observer variability ICC. However, observer percent error of the mean was comparable to other 2D and Doppler indices of function measured in this study as reported in the pediatric Ventricular Volume Variability study, of which our center was a participant. 40 Future directions in software development may consider including RV-specific STE algorithms that incorporate models for RV shape and increased automation to decrease measurement variability. This study used vendor-independent STE software, essential for performing studies in a core lab environment. The use of vendorspecific software would decrease the feasibility of performing this analysis in the core lab and increase measurement variability as vendors do not share STE algorithms. The response of RV function to TPV implantation may differ in patients with mixed disease versus pure pulmonic insufficiency. It may also differ in patients of different ages and in patients who experienced different timing of TPV implantation after onset of conduit dysfunction. However, while this is the largest study to assess STE measures of deformation after TPV, the sample size is insufficient to provide meaningful subgroup analysis. Of course, as with all measures based on deformation or the velocity of deformation, intrinsic myocardial contractility cannot be isolated. Changes in deformation are inherently influenced by loading conditions/ventricular size and may contribute to the changes in strain seen in this study. We measured LV EF by single plane Simpson's method to measure EF in all of our patients as a significant proportion of echocardiograms did not have the necessary images to measure EF by the biplane Simpson's method; this may limit the accuracy of our measurement of EF and is a limitation to the study. Unfortunately, there are no well-accepted objective echocardiographic measures of pulmonary insuf-ficiency. We used pulmonary regurgitant jet length to stratify grades of pulmonary insufficiency. This measure does have many limitations; however, we used it in the criteria as it is a simple measurement with low variability. This way we could accurately detect changes in pulmonary regurgitation over time. We decided to create an objective measure of pulmonary regurgitation for this study. We felt an objective method would be superior to the routinely used subjective measures. We based our severity categories on prior work showing a PR jet length of <1.0 cm was, the prevailing thought that jet length of >2.0 cm was pathologic, and the thought that PR could also be stratified based on the PR jet entrance into the RV body. 12, 13, 41, 42 
Conclusion
Improvements in speckle tracking-derived RV longitudinal strain and strain rate and LV longitudinal strain are seen at 6 months post-TPV in patients with pulmonary regurgitation only or mixed pulmonary stenosis and regurgitation. Diastolic function does not appear to change at 6 month follow-up. Speckle tracking echocardiography may be more sensitive than traditional measures in detecting changes in systolic function after TPV implantation. Change in pulmonary insufficiency after TPV implantation. Changes in pulmonary regurgitation over the follow-up period. Pulmonary regurgitation was graded from 0 to 4 based on regurgitant jet length and extension into the RV: 0 = none; 1 = trivial (<1 cm); 2 = mild (1-2 cm); 3 = moderate (>2 cm, does not extend into RV body); or 4 = severe (>2 cm, extends into RV body). Severe (>2 cm, extends into RV body) 22
Pulmonary stenosis was graded based on net peak gradient: Pulmonary regurgitation was graded based on regurgitant jet length and extension into the right ventricle. 
